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GTPases are widespread in directing cytoskeletal Results and discussion
Haploid yeast cells bud in an axial manner whereby eachrearrangements and affecting cellular
organization. How they do so is not well understood. division site is chosen directly adjacent to the previous
site of division [1–3]. A functional BUD5-GFP fusion,Yeast cells divide by budding, which occurs in two
spatially programmed patterns, axial or bipolar expressed from the endogenous BUD5 promoter, was
used to examine the localization of Bud5 in haploid cells[1–3]. Cytoskeletal polarization to form a bud is
governed by the Ras-like GTPase, Bud1/Rsr1, in (Figure 1a). In cells about to initiate bud formation, Bud5
formed a patch at the developing bud site (Figure 1a, cellresponse to cortical landmarks. Bud1 is uniformly
distributed on the plasma membrane, so presumably 1), then, as the bud emerged, Bud5 became associated
with the bud cortex (Figure 1a, cell 2). As the bud grew,its regulators, Bud5 GTPase exchange factor and
Bud2 GTPase activating protein, impart spatial Bud5 concentrated in double rings, which encircled the
mother-bud neck (Figure 1a, cell 3) and remained untilspecificity to Bud1 action [4]. We examined the
localizations of Bud5 and Bud2. Both Bud1 the bud approached the size of its mother (Figure 1a, cell
4). At cytokinesis, the Bud5 double rings split, therebyregulators associate with cortical landmarks
designating former division sites. In haploids, Bud5 endowing each progeny cell with a single ring of Bud5
marking the previous division site (Figure 1a, cell 5). Asforms double rings that encircle the mother-bud
neck and split upon cytokinesis so that each progeny expected, the presumed Bud5 remnant structures colo-
calized with birth scars (Figure 1b) or bud scars (datacell inherits Bud5 at the axial division remnant.
Recruitment of Bud5 into these structures depends not shown). The Bud5 remnant was persistent; z75% of
unbudded cells exhibited such a structure. These ringson known axial landmark components. In cells
undergoing bipolar budding, Bud5 associates with were easily distinguished from the developing bud site
patch (z15% unbudded cells), which were immediatelymultiple sites, in response to the bipolar
landmarks. Like Bud5, Bud2 associates with the axial adjacent to birth scars (Figure 1c), or bud scars (data not
shown), the expected position for cells forming buds indivision remnant, but rather than being inherited,
Bud2 transiently associates with the remnant in late the axial position. On some cells, both Bud5 structures
could be observed (Figure 1a, cell 6).G1, before condensing into a patch at the incipient
bud site. The relative timing of Bud5 and Bud2
localizations suggests that both regulators
Both the Bud5 double rings and remnants were identicalcontribute to the spatially specific control of Bud1
in appearance to those of the axial landmark proteins,GTPase.
Bud3, Bud4, and Bud10/Axl2/Sro4 [5–9]. We found that
localization of Bud5 to the distinct double rings and the
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rings was also dependent on the integrity of the septin
ring, which directs axial budding (Figure 1g; [5, 10]). We
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Figure 1 conclude that Bud5 is a component of the axial division
remnant and is recruited to this position by the axial
landmark proteins.
Diploid yeast exhibit a bipolar budding pattern in which
cells bud repeatedly from their poles using a distinct set
of cortical markers [11–13]. We examined the localization
of Bud5-GFP in wild-type diploid cells (Figure 2a). In
general, the Bud5-GFP signal was much weaker in diploid
versus haploid cells, although the proportion of Bud5-
GFP as a fraction of total protein was approximately the
same (data not shown). The distinct double rings of Bud5
in the mother-bud neck and the strong single ring rem-
nants, characteristic of Bud5 localization in haploids, were
not seen in diploids. In unbudded cells, Bud5-GFP was
weakly associated with the birth (proximal) pole (z50%
cells; Figure 2a, cell 1). Bud5-GFP was additionally associ-
ated with the opposite (distal) pole in the remaining 50%
of unbudded cells (Figure 2a, cell 2). Following bud emer-
gence, Bud5-GFP localized around the bud cortex, much
like in the early stages of bud formation in haploids (Fig-
ure 2a, cell 3). As the bud approached the size of its
mother, Bud5 remained associated with the bud cortex.
Eventually, Bud5-GFP became concentrated at either the
bud neck (Figure 2a, cell 5) and/or the bud tip (Figure
2a, cell 4). Interestingly, Bud5-GFP associated with the
birth scar regardless of the stage in the cell cycle or the
number of previous divisions the cell had undergone (Fig-
ure 2a, cells 1, 2, 5, and 6; indicated by arrowheads). In
summary, Bud5 is partitioned in large-budded diploid
cells between the birth scar, the bud tip, and the bud
neck, positions that become the poles of the newborn
cells.
We tested whether Bud5 localization is dependent on
bipolar-specific landmarks (Figures 2b–d). The three mu-
tations examined, rax2, bud8, and bud9, each affected a
subset of the diploid-specific Bud5 localization pattern,
a result that is in accordance with the budding phenotype
of each of the mutants [11–13]. In rax2 mutants, Bud5-
GFP associated with the birth pole of unbudded cells but
was rarely seen at both poles (Figure 2b, cell 1), a finding
that is consistent with the partially axial rax2 phenotype
Bud5-GFP associates with division remnants and prebud sites in [12]. As the bud emerged, however, Bud5-GFP at the
haploid cells and is dependent on the axial markers. (a) The birth pole of the mother was lost (Figure 2b, cell 2),localization of Bud5-GFP throughout the course of a cell cycle. Panel
suggesting that Rax2 is required for retention of Bud5 atsix shows a cell carrying Bud5 signals both at the division remnant and
at the nascent bud site. The panels are Bud5-GFP (green, upper the birth pole. These observations fit well with the idea
panel) and bright field image (lower panel) of the same cells. (b) that Rax2 is required for the maintenance of the bipolar
The Bud5 signal associated with the division remnants on a newborn pattern and inhibition of the axial pattern [12]. Bud8 playscell (as marked by the birth scar). (c) The Bud5 signal associated
a role in the establishment of bipolar budding in thewith the developing bud site. For (b,c), panels show division scars
(blue), Bud5 (green), and a merged image. Arrowheads indicate the
position of the birth scar. In panels (a–c), the strain YAM241 is shown.
(d–f) The dependence of Bud5 localization on axial landmark
YAM269 (bud4), and YAM272 (bud3) are shown. (g) Bud5-GFPproteins. Bud5-GFP localization throughout the cell cycle in (d) bud3,
recruitment into double rings and division remnants is dependent on(e) bud4, and (f) bud10 mutants. Bud5-GFP localization to double
the integrity of the septin ring. Bud5-GFP localization in the cdc11–6ring structures in the mother-bud neck and to the resulting division
mutant at the nonpermissive temperature is shown (strain YAM433).remnants is absent or greatly reduced in these mutants. Arrowheads
indicate the position of the birth scar. Strains YAM290 (bud10),
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Figure 2
Bud5-GFP associates with the poles in diploid
cells and is dependent on bipolar markers.
(a) Localization of Bud5-GFP throughout the
course of the cell cycle. Bud5-GFP associates
with the birth pole (cell 1) or both poles (cell
2) in diploid cells. The panels show Bud5-
GFP (green) and division scars (blue).
Arrowheads indicate the position of the birth
scar. Strain YAM242 is used. (b–d) Bud5-
GFP localization in (b) rax2, (c) bud8, and (d)
bud9 diploid cells. Targeting of Bud5 to the
distal pole requires Rax2 and Bud8, but not
Bud9 ([b–d], cell 1). The association of Bud5
with the birth scar late in the cell cycle
depends on Rax2 and Bud9 ([b,d], cell 3).
Bud8 is required for association of Bud5 with
the bud tip ([c], cell 2). Strains YAM294 (rax2),
YAM293 (bud8), and YAM292 (bud9) are
shown. (e) Bud5-GFP localization in axl1
haploid cells has an intermediate phenotype.
Localization of Bud5-GFP throughout the cell
cycle in Strain YAM271 (axl1) is shown.
newborn daughter in that it is necessary for marking the a bud9 mutant bud exclusively from the distal pole (oppo-
site the birth scar) [11, 13]. Loss of Bud9 did not affectdistal pole (opposite the birth scar) [11–13]. In bud8-
unbudded cells, Bud5-GFP associated with the birth, but the ability of Bud5-GFP to localize to either the birth
pole or to the distal pole of unbudded cells (Figure 2d,rarely the distal, pole (Figure 2c, cell 1), a finding that is
consistent with the fact that bud8 mutants bud exclusively cell 1). However, Bud5-GFP was lost at the birth pole as
the bud emerged (Figure 2d, cell 3), suggesting that Bud9from their birth pole [11–13]. In large-budded bud8 cells,
bud tip localization was not observed (Figure 2c, cell 3). is required for persistent Bud5 localization to the birth
pole. Therefore, Bud5 is differentially spatially controlledThus, Bud8 contributes to the establishment of bipolar
budding in the newborn daughter through a mechanism by different sets of cortical landmarks in haploid and
diploid cells.that involves deposition of Bud5 at the bud tip. Cells of
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Figure 3
The localization of Bud5 in relation to Bud2.
(a) Localization of GFP-Bud2 throughout the
cell cycle in synchronized cultures. (b–d)
Bud2 and Bud5 mark the cell division
remnant independently of each other and
independently of Bud1. Arrowheads mark the
position of the birth scar. (e) A schematic
representation of the cell cycle dynamics of
Bud5 and Bud2 localizations in haploid cells.
Bud5 is recruited by the nascent landmark
structure laid down in the mother-bud neck,
thus priming these sites for division. Bud5 is
then inherited when this structure splits at
cytokinesis. Bud2 is not carried from the
previous division, but becomes localized to the
remnant late in G1. The diagram shows
haploid cells, but a similar scheme could be
envisaged as governed by diploid markers.
Bud5 and Bud2 are depicted in green and
red, respectively. Division scars are shown
in black.
Since regulated expression of AXL1 is largely responsible (63% division remnants in the axl1 mutant compared with
74% in wild-type, and 38% double rings in the axl1 mutantfor the conversion between the bipolar pattern of diploids
and the axial pattern of haploids [14], we examined compared with 100% in the wild-type). Additionally, Bud5
localization in these positions was much less intense thanwhether Bud5-GFP localization in haploid axl1 cells re-
sembled that of wild-type diploids. Surprisingly, this was in wild-type haploids. Thus, loss of axl1 in haploid cells
causes an intermediate phenotype in which Bud5 associ-not entirely the case (Figure 2e). Although Bud5-GFP
associated with the cortex of large buds (Figure 2e, cell ates with both bipolar-specific and axial-specific cellular
landmarks. It may be that further controls contribute to3) and the bud tip (Figure 2e, cell 4) as in wild-type
diploids, Bud5-GFP also localized to positions more typi- the cell-type-specific partitioning of Bud5 between the
axial and bipolar landmarks.cal of wild-type haploid cells in the axl1 mutant. Double
rings at the mother-bud neck (Figure 2e, cells 3 and 4)
and division remnants (Figure 2e, cell 5) were both ob- We next compared the localization of Bud5 with that of
Bud2. As described previously, Bud2 was observed in theserved in the axl1 mutant, although in reduced numbers
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2–4), but this localization dissipated as the bud reached
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